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in	 the	 last	 35	 years	while	 diving	 species	 showed	 remarkably	 stable	 breeding	 tim‐
ing.	The	earlier	reproduction	for	Arctic	surface‐feeding	birds	was	significant	in	the	
Pacific	only,	where	spring	advancement	was	most	pronounced.	In	both	the	Atlantic	
and	 Pacific,	 seabirds	 with	 a	 long	 breeding	 season	 showed	 a	 greater	 response	 to	
the	advancement	of	spring	than	seabirds	with	a	short	breeding	season.	Our	results	
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1  | INTRODUC TION
Climate	 change	 is	 affecting	 species	 and	 communities	 worldwide	
causing	population	declines	(Descamps,	Anker‐Nilssen,	et	al.,	2017;	





2017).	 The	 time	 window	 favorable	 for	 migration,	 reproduction,	
and/or	 growth	 is	 indeed	often	 limited,	 especially	 at	 high	 latitudes.	
Outside	 this	 window,	 conditions	 may	 be	 suboptimal	 with	 harsher	
weather	and/or	lower	food	availability	(Durant,	Hjermann,	Ottersen,	









ence	phenological	 changes	 is	needed	 to	 improve	our	understanding	
of	climate	change	impacts	on	free‐living	organisms.	Moreover,	climate	
change	is	not	a	spatially	uniform	process	and	different	populations	of	






fauna	 through	 disruption	 of	 trophic	 interactions	 (Post	 et	 al.,	 2013).	
Indeed,	 considering	 the	 short	 time	window	 at	 high	 latitudes	within	
which	living	organisms	can	grow	and	reproduce,	the	reproduction	of	
Arctic	 species	 strongly	 depends	 on	 how	 spring	 phenology	matches	
their	energetic	requirements	with	resource	availability	(Ramírez	et	al.,	
2017).	 Keogan	 et	 al.	 (2018)	 demonstrated	 that	 seabird	 populations,	
when	analyzed	on	a	global	scale,	have	not	adjusted	their	reproductive	
timing	 in	 response	 to	ocean	warming	 in	 the	 last	 decades.	However,	
considering	the	Arctic	amplification	process,	responses	of	Arctic	sea‐
birds	to	ongoing	climate	change	are	expected	to	be	more	pronounced	
than	 seabirds	 breeding	 elsewhere.	 Here,	 using	 a	 large‐scale,	 long‐
term	and	multispecies	data	set	(Figure	1;	Supporting	Information	S1),	 


























narrower	 than	 the	one	used	by	pursuit‐diving	birds	 (two‐	 vs.	 three‐




suit‐diving	birds.	Alternatively,	 surface	 feeders	have	 lower	energetic	
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Science	 and	 Google	 Scholar.	We	 focused	 on	 the	 64	 seabird	 spe‐
cies	defined	as	Arctic	seabirds	by	the	Conservation	for	Arctic	Flora	
and	 Fauna	 or	 CAFF	 (Petersen	 et	 al.,	 2008)	 and	 used	 the	 English,	
American,	and/or	Latin	names	of	the	species	as	key	words	to	 look	
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well	as	a	few	additional	colonies	within	the	Gulf	of	Alaska.	In	total,	
45	 references	 mentioning	 seabird	 laying	 or	 hatching	 dates	 were	











with	 changes	 in	 spring	onset,	we	 considered	only	 the	 time	period	

















good	 proxies	 of	mean	 hatching	 dates.	 Indeed,	 data	 from	16	 colo‐
nies	 and	10	 species	 included	both	 the	mean	and	median	hatching	
dates	 and	 supported	 this	 assumption	 (Supporting	 Information	S2).	
Finally,	we	also	estimated	mean	hatching	dates	using	data	on	me‐
dian	laying	dates	by	adding	the	incubation	length	as	reported	in	Del	
Hoyo,	Elliott,	 and	Sargatal	 (1992,	1996).	Both	median	 laying	dates	







2.2 | Seabird foraging and duration of 
breeding season
We	 classified	 the	 30	 study	 species	 into	 three	 foraging	 catego‐
ries,	 that	 are,	 surface‐feeding,	 benthic	 diving	 and	 pursuit‐diving	
(Supporting	Information	S1).	Surface	feeders	take	their	prey	within	
the	 upper	 1–2	 m	 of	 the	 water	 column,	 whereas	 divers	 forage	 at	
greater	depths.	The	long‐tailed	skua	(Stercorarius longicaudus)	is	not	
a	typical	surface‐feeding	species	as	kleptoparasitism	may	be	an	im‐








2.3 | Sea surface temperature and spring onset
We	 defined	 the	 spring	 phenology	 in	 the	marine	 environment	 sur‐
rounding	seabird	colonies	based	on	the	changes	in	daily	sea	surface	
temperature	(SST)	within	120	km	of	each	colony.	These	areas	were	











and	 Atmospheric	 Administration	 (high	 resolution	 data,	 0.25°	 spa‐
tial	 resolution;	 NOAA/OAR/ESRL	 PSD,	 Boulder,	 Colorado,	 USA;	




data	 set	 when	 available	 for	 September	 1981	 through	 December	
2005,	and	the	operational	Navy	AVHRR	Multi‐Channel	SST	data	for	
2006	 to	 the	 present	 day.	 The	 product	 also	 uses	 in	 situ	 data	 from	
ships	and	buoys,	and	 includes	a	 large‐scale	adjustment	of	 satellite	
biases	with	respect	to	the	in	situ	data.
Our	 spring	 onset	 proxy,	 based	 on	 SST	 dynamics,	 was	 signifi‐




ice	concentration	 (for	 the	areas	with	 sea	 ice	during	 the	winter	or	
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spring	 onset	 parameter	 was	 associated	with	 interannual	 changes	
in	the	spring	marine	environment	and	had	the	advantage	of	being	
available	 for	 all	 years	 and	 colonies	 at	 a	 fine	 temporal	 scale	 (daily	
interval).
2.4 | Statistical analyses
















formed	with	the	functions	hclust and cutree in R.
Our	analyses	were	done	in	two	separate	steps.	First,	we	aimed	
at	estimating	 the	phylogenetic	 signal	 in	 the	 temporal	 trend	and	 in	
the	 response	 to	 changes	 in	 spring	 onset	 of	 seabird	 breeding	 phe‐
nology	using	classical	measures	of	phylogenetic	heritability.	Second,	
we	tested	more	specifically	our	initial	predictions	that	Arctic	seabird	
















of	 each	of	 these	 two	 response	variables	between	 its	phylogenetic	
components	(σp)	and	its	intraspecific	component	(σs),	which	we	used	
to	compute	phylogenetic	heritability	(Housworth,	Martins,	&	Lynch,	








we	 also	 quantified	 the	 phylogenetic	 signal	 using	 a	 standard	 met‐
ric,	namely	Blomberg's	K	metric	 (Blomberg,	Garland,	&	Ives,	2003).	
Hence	we	computed	K	for	the	same	study	variables	while	accounting	
for	 slope	 uncertainty,	 as	 developed	 by	 Ives,	Midford,	 and	Garland	
(2007).	Blomberg's	K	indicates	a	low	phylogenetic	signal	when	close	






















foraging strategy,	duration of breeding season,	ocean	and	relevant	two‐	or	
three‐level	interactions.	Models	were	all	of	the	form:
where	휇	 is	the	global	mean	response	(intercept),	훽xi	represents	the	
fixed	 effects,	 “colony”	 and	 “species”	 are	 random	 factors,	훼	 is	 the	
effect	of	phylogeny	 (i.e.,	non‐independence	among	species	due	 to	
their	evolutionary	history),	and	휀	is	the	residual	term.
To	 fit	 and	 compare	 these	 alternative	models	while	 taking	 the	
phylogenetic	 dependence	 into	 account,	we	 used	 the	MCMCglmm 
package	 (Hadfield,	 2010).	 All	 models	 were	 run	 in	 parallel	 for	
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estimated	 effects	 of	 spring	 onset	 (defined	 here	 as	 the	 date	when	
SST	starts	to	increase	after	winter,	see	Section	2)	on	their	hatching	








in	both	oceans,	in	the	Atlantic	(trend:	mean	K	=	0.80,	mean	p = .053; 
spring	onset	effect:	mean	K	=	1.70,	mean	p	=	.020)	and	the	Pacific	






foraging	strategies	(surface‐feeding:	mean	D′	=	1.9,	mean	p < .001; 
pursuit	diving:	mean	D′	=	2.1,	mean	p	<	.001;	benthic	diving:	mean	
D′	=	2.5,	mean	p	<	.001;	see	Section	2	for	details).
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To	 confirm	 and	 quantify	 the	 relationships	 between	 life‐ 
history	 traits,	 temporal	changes	 in	hatching	dates,	and	the	effect	
of	changes	in	spring	onset,	we	considered	annual	average	hatching	
dates	for	all	years,	species,	and	colonies	(Supporting	Information	S5).	 
We	 found	 that	 hatching	 of	 Arctic	 seabirds	 occurred	 on	 aver‐
age	 0.8	 days	 earlier	 per	 decade	 (slope	 =	 −0.08	 days/year,	 95%	
CI	 =	 [−0.12;	 −0.05])	 during	 the	 period	 1982–2016.	 This	 pattern	
was	primarily	driven	by	Pacific	 colonies	 (Figure	2).	 In	 fact,	 in	 the	
Pacific	region,	hatching	occurred	on	average	4	days	earlier	in	2016	
than	 in	 1982	 (slope	 =	 −0.11	 days/year,	 95%	CI	 =	 [−0.16,	 −0.07])	
while	 hatching	 date	 did	 not	 significantly	 change	 in	 the	 Atlantic	
(slope	=	0.004	days/year,	95%	CI	=	[−0.07,	0.07];	Table	1b).	Changes	
in	 breeding	 phenology	 not	 only	 varied	 among	 ocean	 basins	 but	




Atlantic;	 Figure	2c,d;	 Supporting	 Information	S6).	Hatching	dates	
of	benthic	divers	 (eider	spp.)	were	also	constant	over	 time	 in	 the	
Pacific	 (slope	 =	 0.02	 day/year,	 95%	 CI	 =	 [−0.49,	 0.62])	 but	 very	
few	data	(n	=	30)	were	available	for	these	species	 (no	data	 in	the	
Atlantic).	Two	diving	species	apparently	did	not	 fit	 in	 the	general	
pattern	and	showed	rather	strong	temporal	trends	(Figure	1b):	the	
pelagic	 cormorant	 (Phalacrocorax pelagicus)	 and	 the	 spectacled	
eider	(Somateria fischeri),	though	these	trends	were	associated	with	
rather	large	standard	errors	(Figure	1b).
Contrary	 to	diving	 species,	hatching	dates	of	 surface‐feeding	
species	significantly	advanced	in	the	Pacific	 (slope	=	−0.26	days/
year,	 95%	 CI	 =	 [−0.33,	 −0.19],	 Figure	 1a).	 This	 was	 mostly	 due	
to	 four	 species	 (out	 of	 six	 with	 available	 phenology	 data	 in	 the	
Pacific):	 the	 black	 and	 red‐legged	 kittiwake	 (Rissa tridactyla and 
R. breviristris,	 respectively)	 and	 the	 Leach's	 and	 Fork‐tailed	
storm	 petrel	 (O. leucorhoa and O. furcata,	 respectively;	 Figure	 1;	
Supporting	 Information	 S6).	 One	 species	 (glaucous‐winged	 gull	
Larus glaucescens)	did	not	show	any	significant	change	in	hatching	
date.	On	average,	Pacific	 surface	 feeders	bred	10	days	earlier	 in	
2016	than	 in	1982.	Changes	 in	hatching	dates	of	surface	feeders	














our	 study	 period	 by	 0.21	 days/year	 on	 average	 (95%	CI	 =	 [−0.32,	
−0.10]),	and,	even	if	the	effect	was	statistically	not	strong	(Table	1b),	
spring	advancement	was	more	pronounced	in	the	Pacific	than	in	the	
Atlantic	 (slope	of	 −0.28	days/year,	 95%	CI	=	 [−0.44,	 −0.14]	 in	 the	
Pacific	and	of	−0.14	days/year,	95%	CI	=	[−0.31,	0.02]	in	the	Atlantic).	
















Predictors (fixed effects) n DIC ΔDIC
(a)	Trends	in	seabird	breeding	phenology
Year	 ×	foraging	strategy	 ×	ocean 13 8,589.97 0.00




Year	 ×	ocean 7 8,606.07 16.10
Year	 ×	duration	breeding	season 7 8,605.67 15.70
Year 5 8,608.31 18.34
Intercept	only 4 8,624.27 34.30
(b)	Trends	in	spring	onset
Year 4 11,159.45 0.00
Year	 ×	ocean 6 11,161.97 2.52
Intercept	only 3 11,171.96 12.51
(c)	Effect	of	spring	onset	on	seabird	breeding	phenology




Spring	onset	 ×	foraging 7 8,601.43 0.55




Spring	onset	 ×	foraging	 ×	ocean 11 8,607.60 6.72



















effect	 size	was	small.	Assuming	a	 linear	 relationship	between	date	
of	 spring	 onset	 and	 seabird	 breeding	 phenology,	 this	 model	 sug‐






separately	 (Supporting	 Information	 S6).	On	 average,	 this	 response	
was	similar	 in	the	Pacific	and	Atlantic,	and	for	surface‐feeding	and	
diving	species	(Figure	3;	Supporting	Information	S5)	but	was	slightly	









Indeed,	when	 removing	 species	with	 a	 breeding	 season	 >80	 days,	
there	is	no	longer	an	effect	of	the	breeding	season	duration	(results	







advanced	their	 reproduction	 in	 the	 last	35	years	while	diving	spe‐
cies	showed	a	remarkably	stable	timing	of	breeding.	Such	changes	in	
breeding	phenology	of	surface	feeders	only	appeared	in	the	Pacific,	






range	 of	 plants,	 animals,	 and	 terrestrial	 birds	 (Davis	 et	 al.,	 2010).	
Indeed,	we	found	a	significant	phylogenetic	structure	in	the	species’	
trend	 in	 breeding	 phenology	 and	 in	 their	 phenological	 response	 to	
changes	in	spring	onset.	The	strength	of	these	phylogenetic	signals	is	
however	difficult	to	evaluate	as	the	CI	around	their	mean	were	rather	
large.	Our	study	 is	among	 the	 first	 to	propose	a	key	mechanism	 to	
these	potential	phenological	signals	and	suggests	that	they	are	driven,	
at	least	partly,	by	the	species’	foraging	strategy.	Previous	studies	have	
emphasized	 the	 role	of	 feeding	strategies	 in	 structuring	seabird	 re‐
sponses	 to	 climatic	 fluctuations	 (Hyrenbach	 &	 Veit,	 2003;	 Sandvik	
&	 Erikstad,	 2008).	 While	 diving	 species	 exhibited	 stable	 breeding	

















likely	 had	 different	 patterns.	 The	 Atlantic	 Multidecadal	 Oscillation	





not	change	 in	the	same	way	 in	the	 last	decades	 in	both	oceans	but	























vary	across	Arctic	 regions;	 for	 instance,	 there	are	notably	different	
sea	ice	dynamics	in	the	Pacific	and	Atlantic.	A	considerably	larger	area	















where	 organisms	 may	 be	 sensitive	 to	 these	 physical	 constraints,	
and	 where	 there	 are	 amplified	 environmental	 changes,	 may	 ex‐
plain	why	we	detected	a	seabird	 response.	The	notably	high	 rates	









emphasized	 the	 importance	 of	 spatial	 variation	 in	 phenology.	Our	
work	 highlights	 the	 value	 of	 complementing	 large‐scale	 pheno‐




we	 found	 that	 some	 species	 are	 insensitive	 to	 the	 spring	 ad‐
vancement.	Diving	 species,	 and	most	 notably	 the	Alcidae	 family	
(Figure	1),	showed	a	remarkable	lack	of	phenological	change	over	















Given	 the	 potentially	 large	 consequences	 that	 phenological	
















y	 Competitividad	 (IJCI‐2015‐24531).	 Most	 high	 performance	
computations	presented	 in	 this	paper	were	performed	using	 the	
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